Abstract. Alcohol consumption is a well-established risk factor for hormone-dependent breast cancer. In vitro studies performed to understand the mechanisms by which ethanol acts on breast cancer cells have shown that this compound stimulates both proliferation and migration. In the present study, we show by gelatin zymography that, when exposed to ethanol, MCF-7 human breast cancer cells display a higher amount of active metalloproteinases (MMP) 2 and 9 in their culture medium. This increase is somewhat higher than those observed in the case of 17ß-estradiol (E 2 ) exposure. As expected, anti-estrogen ICI 182,780 inhibits the E 2 -induced overexpression of a well-known estrogen responsive gene, the progesterone receptor, in MCF-7 cells. ICI 182,780 also inhibits the E 2 -induced increase in MMP-2 and -9 secretion. Nevertheless, in the case of ethanol exposure, this ER antagonist was only efficient on MMP-9 secretion. In addition, although MMP-9 transcription was not sensitive to E 2 or ethanol, MMP-2 transcription was stimulated in MCF-7 cells exposed to ethanol. Collectively, these results give new insights into the effects of alcohol on breast cancer cell migration, which are not due solely to an estrogen-like activity of alcohol.
Introduction
Breast cancer is the most common cancer in women: it affects 1 in 12 women in the world and, in 2004, approximately 753,000 women were dying in Europe from this disease (1) . Seventy percent of human breast cancers are related to sex hormone exposure and about 60% of all patients have hormone-dependent breast cancer which means that their tumors express estrogen receptors (ER) and require estrogens for growth (2) (3) (4) . Most of the effects of these hormones on tumor development are mediated by their nuclear receptor, ER·, which induces a cascade of events leading to the transcription of estrogen responsive genes. In post-menopausal women, the concentration of estrogens in breast tumor tissue is several-fold greater than those measured in plasma (5) . This is related to the fact that the expression of aromatase (CYP 19), the cytochrome P 450 responsible for estrogen synthesis, is increased in breast tumors (6) .
Epidemiological studies have shown that chronic abuse of alcohol not only increases significantly the incidence of breast cancer but also is associated with advanced and invasive breast tumors, suggesting that alcohol may enhance tumor development and metastatic spread (7, 8) . These data are supported by experimental studies using animal models and cell culture systems, which show that ethanol promotes mammary tumorigenesis and stimulates proliferation as well as invasion of breast cancer cells (9) (10) (11) (12) (13) (14) .
Invasion and metastasis are the major causes of morbidity and mortality in breast cancer patients. They require the degradation of the extracellular matrix (ECM) and particularly the basement membrane, which acts as a barrier to tumor cell passage. This complex matrix consists of a type IV collagen, laminin, heparan sulfate proteoglycan, nidogen and fibronectin (15) . The degradation of the extracellular matrix by neoplastic cells involves a cascade of proteolytic enzymes (16) . Secretion of metalloproteinases, serine proteases and cathepsins appears to mediate this process. Among the members of the matrix metalloproteinase (MMP) family, gelatinase A (72 kDa gelatinase, type IV collagenase, MMP-2) and B (92 kDa gelatinase, type IV collagenase, MMP-9) play a critical role in extracellular matrix degradation and tumor cell invasion in breast cancer (15, 17) .
A few studies show that estrogens play a key role in metastatic process since 17ß-estradiol stimulates the secretion of the type IV collagenases (MMP-2 and MMP-9) in breast cancer cells (18, 19) . Moreover, expression of MMP-9 in MCF-7 cells is inhibited by anti-estrogens (19, 20) . Recently, we have shown in ER-positive breast cancer cells MCF-7, that ethanol enhanced cell proliferation and clonal growth (14) . This result is associated with an increase in ER· and aromatase, suggesting that the estrogen signaling pathway is stimulated by ethanol (14, 21) . Hence, we postulated that alcohol exposure could increase the expression/activity of MMP-2 and -9 and promote metastasis.
The results of the present work show that MMP-2 and -9 secretion is increased in ethanol-treated MCF-7 breast cancer cells, but this effect cannot be ascribed to a strict estrogenlike action of ethanol.
Materials and methods
Materials. Dulbecco's modified Eagle's medium (DMEM), L-glutamine and 17ß-estradiol (E 2 ) were purchased from Sigma-Aldrich (Saint Quentin Fallavier, France) and FCS from Eurobio (Les Ulis, France). ICI 182,780 was purchased from Tocris Cookson (Bristol, UK).
Cell culture and treatment. The MCF-7 (HTB 22; human breast adenocarcinoma, ER-positive) cell line was obtained from American Tissue Culture Collection (Rockville, MD). Cells were routinely grown at 37˚C in a 5% (v/v) CO 2 humidified atmosphere. They were cultured in DMEM supplemented with 10% FCS and 2 mM L-glutamine.
For RT-PCR analyses, cells were seeded in 6-well plates at a density of 8x10 4 cells/well in 2 ml of DMEM supplemented with 5% FCS and 2 mM L-glutamine. After 24 h of incubation to allow for cell attachment, the medium was replaced with phenol-red free DMEM supplemented with 1% FCS and 2 mM L-glutamine. After 24 h, the medium was replaced with fresh medium supplemented with ethanol at different concentrations (0.0, 0.1, 0.3, 0.5 or 0.7%) and/or various compounds.
For gelatin zymography analyses, cells were seeded in 6-well plates at a density of 8x10 4 cells/well in 2 ml of DMEM supplemented with 5% FCS and 2 mM L-glutamine. After 3 days of culture, this medium was removed, the cells were washed with PBS and incubated with 1 ml of phenol-red free DMEM without FCS but with 2 mM L-glutamine and different concentrations of ethanol (0, 0.1, 0.3, 0.5 or 0.7%) and/or various compounds.
Semi-quantitative RT-PCR. Total RNA was extracted from cells using TRIzol reagent (Invitrogen, Basel, Switzerland) according to the manufacturer's instructions. cDNA was synthetized in a 20 μl volume containing 2 μg RNA, 1.5 μg random hexamer primer, 1X Invitrogen buffer, 7.5 mM DTT, 0.6 mM of each dNTP, 4 U RNase inhibitor, and 100 U of MMLV reverse transcriptase (Invitrogen, Cergy Pontoise, France). The mixture was incubated for 120 min at 37˚C and subsequently for 5 min at 94˚C in order to stop the reaction.
The cDNAs were further amplified by PCR. The specific primers were 5'-TGCTCAAGGAGGGCCTGCCGCAGGT-3' and 5'-CTACTGAAAGAAGTTGCCTCTCGCC-3' for progesterone receptor (22) 5'-GTGCTGAAGGACACACTAA AGAAGA-3' and 5'-TTGCCATCCTTCTCAAAGTTGTA GG-3' for MMP-2 (23), 5'-CACTGTCCACCCCTCAGAGC-3' and 5'-GCCACTTGTCGGCGATAAGG-3' for MMP-9 (23) and 5'-TACATGGGTGGGGTGTTGAA-3' and 5'-AAGAG AGGCATCCTCACCCT-3' for ß-actin (14) . PCR was carried out in a thermal cycler in a final volume of 25 μl containing 2 μl cDNA, 1X Eppendorf Taq buffer, 0.5X Eppendorf Taq Master, 1.5-2.5 mM MgCl 2 , 125 μM of each dNTP, 0.33 μM of each primer, and 0.5 U Taq polymerase (Eppendorf, Le Pecq, France). Negative controls were always included.
Amplification was carried out under the following conditions: 94˚C for 5 min, 25-40 1-min cycles at 94˚C, 1 min at 54-65˚C, and 1 min at 68˚C, followed by a 10-min extension step at 68˚C. The PCR products (25 μl) were mixed with loading buffer (3 μl) and submitted to electrophoresis in a 2% agarose gel at 90 V for 60 min at room temperature. The gel was stained with ethidium bromide, viewed and photographed on a UV-transilluminator (GelDoc 2000, Bio-Rad Laboratories). A software package (Quantity One v.4.3.1, Bio-Rad Laboratories) was used to quantify the PCR products.
Gelatin zymography. The media were collected and centrifuged at 1,500 x g for 10 min. Supernatant proteins were precipited for 2 h at 4˚C with a 70% ammonium sulphate solution. They were centrifuged at 12,000 x g for 10 min and solubilized in 40 μl of phenol-red free DMEM. Each sample was mixed with 15 μl of a loading buffer (Tris-Base) containing 30% glycerol, 7.7% sodium dodecyl sulphate (SDS) and 0.3% bromophenol blue at pH 6.8. Samples were loaded in a 10% polyacrylamide-SDS gel containing 0.1% gelatin and were electrophoresed in a mini Protean II Dual slab cell (Bio-Rad) at 100 V for 2 h. Following electrophoresis, gels were washed twice for 90 min with 2.5% Triton X-100 in Tris-buffered saline (50 mM Tris-HCl, pH 7.4, 150 mM NaCl) to remove SDS. Gels were then incubated for 36 h at 37˚C in catalytic buffer (50 mM Tris-HCl, pH 7.6, 10 mM CaCl 2 ) and stained in 0.025% Coomassie blue in methanol:acetic acid:water (10:1:10 v:v:v) for 2 h. Finally, gels were destained with methanol:acetic acid:water (2:1:10 v:v:v) for 24 h. Proteolytic activity appeared as clear bands on a dark blue background. The bands were identified by their molecular weight: 72 and 92 kDa corresponding to MMP-2 and -9, respectively. Proteolytic activity was evaluated using a GelDoc 2000 imaging system (Bio-Rad Laboratories) and a software package (Quantity One v.4.3.1).
Statistical analysis. The results are expressed as mean ± standard error of several experiments as indicated in the text. Differences among treatment groups were tested using analysis of variance (ANOVA). Differences in which the P-value was <0.05 were statistically significant. In cases where significant differences were detected, specific post-hoc comparisons between treatment groups were examined using Fisher's least-significant differences test (SPSS v11.0 computer software).
Results

Ethanol and E 2 increase MMP-2 and -9 secretion in MCF-7.
We evaluated the effect of ethanol and E 2 on the levels of MMP-2 and -9 of MCF-7 human breast cancer cells. Different concentrations of ethanol (0.1, 0.3, 0.5 and 0.7%) and E 2 (1 nM) were tested. Cells were incubated with ethanol or E 2 for 24 h and the culture medium was analyzed by gelatin zymography. At concentrations of 0.3 and 0.5%, ethanol significantly increased the amounts of MMP-9 and -2 ( Fig. 1) . MMP-9 maximal secretion was observed for ethanol 0.3% with a 1.6-fold increase compared to control (P<0.05) and MMP-2 maximal secretion was observed for ethanol 0.5% with a 1.9-fold increase compared to control (P<0.05). Like ethanol, E 2 significantly stimulates the secretion of MMP-2 and -9 by MCF-7 breast cancer cells (1.8-and 1.4-fold respectively).
Involvement of the estrogen signaling pathway.
Previous studies have shown that ethanol stimulates the estrogen signaling pathway in MCF-7 human breast cancer cells (14, 21) . Hence, we postulated that the effect of ethanol on the MMP level was dependent on the estrogen signaling pathway. To test this hypothesis, we used an anti-estrogen; the 'pure' antagonist, ICI 182,780 (24) .
First, we determined the concentration of ICI 182,780 able to block the estrogen signaling pathway in MCF-7 cells. We analyzed, by semi-quantitative RT-PCR, the expression of a well-known estrogen responsive gene, the progesterone receptor (PR) (25) . MCF-7 cells were treated by E 2 (1 nM) in the presence of different concentrations of ICI 182,780 (1, 10 and 100 nM). We observed a dose-dependent inhibition of E 2 -induced PR overexpression with maximum efficiency at the concentration of 100 nM ICI 182,780 ( Fig. 2A) .
Then, we determined if this optimal concentration of ICI 182,780 could inhibit E 2 -and ethanol-induced increase in MMP secretion. Results showed that ICI 182,780 inhibits significantly the increase in MMP-9 (Fig. 2B) and -2 (Fig. 2C) secretions that is observed when MCF-7 cells are stimulated by E 2 (1 nM). ICI 182,780 has the same effect on MMP-9 secretion induced by ethanol (0.3% or 0.5%) (Fig. 2B) . In contrast, ICI 182,780 did not affect the ethanol-induced increase in MMP-2 secretion (Fig. 2C) .
Ethanol stimulates MMP-2 transcription in MCF-7 cells.
Finally, in order to better characterize the effect of ethanol on MMP-2 and -9 in MCF-7 cells, we analysed their mRNAs. The results of our RT-PCR studies showed that E 2 (1 nM) does not affect the transcription of these MMPs (Fig. 3) . So, E 2 stimulates MMP-2 and MMP-9 secretion without increasing their transcription. For ethanol treatment, we observed no effect on MMP-9 transcription but a high increase in the MMP-2 mRNA level, demonstrating that MMP-2 expression is not affected identically by ethanol and E 2 . 
Discussion
More and more epidemiological studies show that alcohol consumption is associated with an increased risk factor for breast carcinogenesis (26) (27) (28) and with advanced and invasive breast tumors (7, 8) . These epidemiological data suggest that ethanol may enhance tumor development and the metastatic spread of breast cancer cells. This is confirmed by in vitro and in vivo studies showing that ethanol stimulates not only proliferation but also invasion and migration of breast cancer cells (9) (10) (11) (12) (13) (14) . Many studies have been realized in order to elucidate these effects. In MCF-7 cells, ethanol down-regulates the expression of E-cadherin and three major catenin, proteins responsible for the maintenance of cell adhesion and tissue integrity (11) . In T47D human breast cancer cells, ethanol promotes metastasis by up-regulating the activity of erbB receptors (12) . For our part, we have postulated that an increase in metalloproteinase expression could be involved in the stimulation of migration observed in breast cancer cells following ethanol exposure. Indeed, it has been recently shown in fibroblasts that ethanol stimulates the secretion of MMP-2 (29), which plays a critical role, together with MMP-9, in extracellular matrix degradation and tumor cell invasion in breast cancer (15, 17) . Moreover, ethanol activates the estrogen signaling pathway in breast cancer cells (14, 21) , and some studies show that estrogens are able to stimulate the secretion of MMP-2 and -9 (18,19).
By using gelatin zymography, we observed an increase in MMP-2 and -9 secretion in MCF-7 cells following ethanol exposure. For MMP-9, the maximal secretion was observed at a dose of 0.3% ethanol with a 1.6-fold increase compared to control and, for MMP-2, the maximal secretion was observed at a concentration of 0.5% with a 1.9-fold increase compared to control. This increase is somewhat higher than those observed when MCF-7 cells are exposed to 1 nM 17ß-oestradiol: a 1.4-fold increase for MMP-9 secretion and a 1.8-fold increase for MMP-2. This suggests that ethanol could have a stronger metastatic potential than E 2 .
How does ethanol stimulate metalloproteinase secretion? An explanation for this effect could be the activation of the estrogen signaling pathway in MCF-7 cells exposed to ethanol. Indeed, several studies have shown such an effect of ethanol. For instance, following ethanol exposure, an increase occurs in the expression of aromatase, the estrogen-producing enzyme, and in the ER· content, the nuclear receptor mediating most of the estradiol effects (14, 30) . Alcohol also induces a dosedependent increase in the transcription activity of the liganded estrogen receptor, ER· (21) . Also, estradiol has been shown to stimulate MMP-2 and -9 secretions in MCF-7 cells (18, 19, 31) . The pathway by which E 2 enhances MMP secretion is still unclear. It might be the result not only of nuclear estrogen receptor activation but also of the rapid stimulation of signal transduction from plasma membrane estrogen receptors that are G protein-coupled (31) .
In order to test our hypothesis, we used an anti-estrogen; the 'pure' antagonist, ICI 182,780 (24) . We determined the optimal concentration by analyzing its effect on the expression of a well-known estrogen responsive gene, the progesterone receptor (PR) (25) . The concentration of 100 nM had the best efficiency, which is in accordance with a previous study (32) . We observed that this concentration could inhibit E 2 -induced increase in the secretion of the two MMPs. This result is in agreement with those showing that, in MCF-7 cells, another anti-estrogen, raloxifene, prevents E 2 -induced increase in the gelatinolytic activity of MMP-2 and -9 (19) . It is also concordant with the results of another study showing that several anti-estrogens, including ICI 182,780, inhibit E 2 -induced MMP-9 secretion in MCF-7 cells (20) . However, it is difficult to identify the nature of the estrogen receptor that mediates estradiol action on MMP-2 and -9. Indeed, ICI 182,780 is able to antagonize E 2 binding not only on its nuclear receptors but also on its membrane bound receptors (31) .
ICI 182,780 also prevented ethanol-induced increase in MMP-9 secretion, which could be the result of an estrogenlike action. However, ethanol stimulation was performed in serum-free medium which should contain only trace amounts of steroids. Although the level of both aromatase and ER· is increased in MCF-7 exposed to ethanol, it is probably insufficient to activate an estrogenic pathway in serum-and hormone-free conditions (14) . One might propose that, in that case, a ligand-independent activation of ER· could occur. The phosphorylation of ER· by protein kinase A (PKA) has been well documented in this mechanism (33) . Besides, forskolininduced ER activation, measured by the transcription of a reporter gene downstream a 2-ERE sequence, is inhibited by ICI 182,780 (34) . Interestingly, ethanol has been shown to increase cAMP levels in MCF-7 cells (30) . Hence, in our study, in spite of the absence of serum and steroids in the medium, ethanol exposure could induce a PKA-mediated activation of ER· which could activate the transcription of a gene responsible for MMP-9 secretion, explaining that this effect is inhibited by the anti-estrogen. It is noteworthy that, in the case of ligand-independent activation of ER·, its degradation by the proteasome is inhibited in contrast to what occurs in the case of ligand-dependent activation (34) . In our previous study of ethanol-treated MCF-7 cells, we observed by immunoblotting that the level of ER· was increased while no difference in the mRNA levels was observed by RT-PCR (14) . This is in accordance with the hypothesis of a ligandindependent activation.
In contrast, ICI 182,780 had no effect on ethanol-induced MMP-2 secretion suggesting that, in this case, ethanol could use an estrogen receptor independent pathway. Interestingly, a recent study shows that, in fibroblasts, ethanol increases MMP-2 secretion by the protein kinase C pathway (PKC) (29) . Nevertheless, TPA, a PKC activator, stimulated the secretion of MMP-9 while it did not change the level of MMP-2 in MCF-7 cells and in organotypic cultures of human breast cancer tissue (35, 36) . Another explanation for ethanol-induced MMP-2 secretion might be related to free radicals. Indeed, in the hormone-independent breast cancer cells, MDA-MB-231, generation of free radicals by the estradiol metabolite, 4-hydroxyestradiol, activates MMP-2 (37). So, free radicals could mediate ethanol action, especially on MMP-2. Indeed, breast cytosolic fractions can bioactivate ethanol to acetaldehyde and to hydroxyl and 1-hydroxyethyl free radicals (38) .
Finally, in order to better characterize the effect of ethanol on MMP-2 and -9 in MCF-7 cells, we have performed RT-PCR analyses. Our results show that E 2 stimulates neither MMP-2 nor MMP-9 transcription. So, the steroid activates MMPs secretion independently of their transcription.
In the case of ethanol exposure, the level of MMP-9 mRNA did not change while those of MMP-2 mRNA increased significantly. This differential effect is not surprising since, despite the high homology in amino acid sequence between MMP-2 and -9, their promoters are composed of different cis elements (39) . Hence, they can not only respond to different stimuli but also respond differently to the same stimulus. For instance, in melanoma cells, transfection with CD9 membrane protein up-regulates the expression of MMP-2 while it downregulates MMP-9 (40). The differential regulation of MMP-2 and -9 seems also to be illustrated in MCF-7 cells in response to ethanol. The reason for the ethanol induced increase in MMP-2 transcription, as well as the relationship between MMP-2 overexpression and the stimulation of its secretion, remains unknown.
In conclusion, our study showing an increase in MMP-2 and MMP-9 secretion by MCF-7 cells in response to ethanol helps to explain the increased migration of breast cancer cells observed in response to ethanol treatment and supports data suggesting that ethanol is an increased risk factor for advanced and invasive breast tumors. Our comparison between E 2 and ethanol effects shows that the two metalloproteinases are regulated differently regarding not only their secretion but also their transcription. ER· is clearly involved in some of the effects of ethanol but further study is required to elucidate the mechanism.
